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Abstract
Recent advances in cosmic observations have brought us to the verge of discovery of
the absolute scale of neutrino masses. Nonzero neutrino masses are known evidence of
new physics beyond the Standard Model. Our understanding of the clustering of matter
in the presence of massive neutrinos has significantly improved over the past decade,
yielding cosmological constraints that are tighter than any laboratory experiment, and
which will improve significantly over the next decade, resulting in a guaranteed detection
of the absolute neutrino mass scale.
1 Introduction
In the Standard Model (SM) of particle physics neutrinos are expected to be massless, as it
is not possible to build a neutrino mass term given the symmetries and the particle content
of the SM. Nonetheless, the observed flavor oscillations in solar and atmospheric neutrinos
are only possible if neutrinos are massive, representing a striking evidence for physics beyond
the SM (BSM). It is therefore clear that understanding the value of neutrino masses is one
of the key questions in fundamental physics.
From a theoretical standpoint, there are two main avenues to give the neutrinos mass.
Adding right-handed neutrino fields in a minimal extension of the SM can generate a Dirac
mass term mD for neutrinos through their coupling to the Higgs boson field. In such a
scheme, the smallness of neutrino masses, with respect to the charged fermions that acquire
mass through the same mechanism, is puzzling in itself. If neutrinos wereMajorana particles,
it is also possible to write Majorana mass terms generated by some unknown physics at a
high-energy scale mM much above the electroweak scale. The interplay between the Dirac
and Majorana mass terms makes the neutrino “split” into a heavy component with mass
mheavy ' mM and a light component with mass mlight ' m2D/mM  mD. This is the well-
known see-saw mechanism [1]: the higher the scale mM is pushed, the lower the mass of the
light neutrino state becomes.
Neutrino oscillation experiments can measure two of the neutrino-mass splittings [2], and
are getting very close to a determination of the neutrino-mass ordering (see preliminary
results from T2K collaboration1 and e.g. [3] for future prospects). However, they have
no information about the absolute scale of the neutrino masses, Σmν . Cosmology, on the
other hand, is a promising avenue for the determination of Σmν . Massive neutrinos leave
unique imprints on cosmological observables throughout the history of our universe [4–8].
Current cosmological observations already provide the tightest bounds on the sum of the
neutrino masses [9], although they are unable to go beyond a very tight upper limit. As
next-generation surveys approach, their improved sensitivity will help reach a guaranteed
target for physics beyond the SM. Cosmology is likely to be the first experimental avenue
to move from a tight upper limit to a clear detection of Σmν . Experimental efforts are
also being devoted to a first direct detection of the cosmic neutrino background (e.g. the
PTOLEMY experiment [10]), which represents a very challenging task.
Note that cosmological observables are not the only probes of the absolute neutrino mass
scale. Complementary information can be provided by laboratory searches such as kinematic
measurements in β-decay experiments [11] and neutrino-less double-β decay (0ν2β) searches
[12,13]. A detection of the absolute neutrino mass scale with cosmology would be crucial to
test the consistency between different probes. In fact, an inconsistent picture would be an
interesting indication of new physics in the neutrino sector.
The aim of this white paper is to highlight how cosmology can help shed light on the still-
unknown value of the neutrino masses. In Section 2 we briefly review the effect of massive
neutrinos on the growth of structure in the universe, and we outline different cosmological
probes that can be used to improve our knowledge of the absolute neutrino mass scale.
In Section 3 we quote the sensitivity to Σmν in light of expected improvements on some
1https://zenodo.org/record/1286752
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limiting factors such as uncertainties in the optical depth to reionization as well as theoretical
uncertainties in the dark energy equation of state. In Section 4 we discuss the synergy
between cosmology and laboratory searches as a tool for improving our understanding of
BSM physics, and we make our concluding remarks in Section 5.
2 Cosmological probes of massive neutrinos
In addition to contributing to the expansion history of the universe through their energy
density, a more peculiar imprint of massive neutrinos is that they alter the evolution of
matter perturbations. A meaningful physical scale to define is the free-streaming scale, kfs =
0.018 Ω
1/2
m [mν/(1 eV)] hMpc
−1, roughly corresponding to the size of the particle horizon at
the time of the neutrino non-relativistic transition. At scales k  kfs, neutrinos exhibit
large thermal velocities and do not contribute to the clustering of structures, while at scales
k  kfs, neutrinos effectively behave as a cold dark matter (CDM) component. Thus, the
growth of matter perturbations at small scales gets delayed, as perturbations evolve in a
mixed matter-radiation environment rather than the purely matter-dominated environment
at large scales.
An outline of different cosmological probes that can potentially be used to improve our
constraints on the sum of neutrino masses in the next decade is layed out below.
CMB Lensing: The large-scale structure (LSS) of the universe deflects the path of cosmic
microwave background (CMB) photons traveling from the last-scattering surface to Earth.
The deflection angle is, to leading order, the gradient of the lensing potential, and the lens-
ing power spectrum is proportional to the integrated distribution of matter along the line of
sight. CMB lensing thus probes the matter directly on nearly-linear scales, and has the bene-
fit that the source (the CMB) is very well understood. Furthermore, low levels of foreground
systematics are expected when using polarization lensing reconstruction. Larger neutrino
masses imply a larger neutrino energy density and less clustering on small scales, therefore
the overall effect of massive neutrinos is a reduction of the lensing power at intermediate
and small scales [14].
Galaxy Clustering: Galaxies reside in the gravitational potentials of dark matter halos,
tracing the overall structures of the universe, and their distribution is therefore affected by
the presence of massive neutrinos [15]. Linear redshift-space distortions in the clustering of
spectroscopic galaxy surveys can be used to measure the amplitude of density fluctuations
at low redshift [16]. In combination with a prior on the amplitude of scalar fluctuations
(As) from CMB experiments, future spectroscopic surveys can provide one of the tightest
constraints on the sum of neutrino masses [17].
Massive neutrinos have a second effect: on very large, linear scales, the galaxy power
spectrum has a step-like feature corresponding to the free-streaming length of neutrinos.
In addition to the suppression of the matter power spectrum, neutrinos produce a scale-
dependent galaxy bias due to their free-streaming nature, which partially compensates the
suppression due to neutrino mass [18–23]. To fully take advantage of next-generation sur-
veys, we must improve our modelling of the effect of massive neutrinos on non-linear scales,
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and N-body simulations will be required (see [24–30] for different attempts).
Optical Lensing: Tomographic weak lensing measurements from photometric redshift sur-
veys will provide a direct probe of the growth of structure as a function of time. This is
complementary to both galaxy clustering and CMB lensing, and is a vital observable in
order to disentangle the effects of a non-zero neutrino mass from those of, for example, non-
standard dark energy scenarios [31].
Galaxy-Lensing Cross-Correlation: The cross-correlation between the lensing power
spectrum from next-generation CMB experiments (such as the Simons Observatory [32]
or CMB-S4 [33]) and the galaxy power spectrum from future galaxy surveys is a promising
handle on Σmν , since both probes are sensitive to the amplitude of matter fluctuations.
Their cross-correlation has the ability to reduce effects from systematic contamination af-
fecting each probe individually.
Sunyaev-Zel’dovich Cluster Abundances: Next-generation CMB experiments will pro-
vide extended catalogues of clusters detected through the thermal Sunyaev-Zel’dovich (tSZ)
signal. The abundance of clusters as a function of their mass and redshift is a proxy for the
evolution of structures and, therefore, can provide useful insights on Σmν . A major source of
uncertainty is the cluster mass calibration. However, with future surveys, two independent
pathways for calibration will be available: internally via CMB halo lensing or externally via
optical weak lensing. The higher redshift sources, from e.g. WFIRST, will be important
for calibration. Although clusters are complex systems, if systematic uncertainties can be
reduced, they represent an independent avenue to tight constraints on Σmν . Most of their
power sits in the redshift dependence, which is potentially able to reduce the physical de-
generacy between Σmν and dark energy parameters [34].
Kinetic Sunyaev-Zel’dovich: Next-generation CMB experiments will also provide high
signal-to-noise measurements of the kinematic Sunyaev-Zel’dovich (kSZ) effect. This effect
is proportional to the integrated momentum along the line of sight of free electrons with re-
spect to the CMB rest frame. Thus, kSZ measurements constitute a new powerful probes of
the peculiar velocity distribution of clusters. Velocities probe the cosmological growth rate,
which can constrain the sum of the neutrino masses, among other extensions to ΛCDM [35].
Currently, the major source of systematic uncertainty is the degeneracy of this effect with
the optical depth of galaxies or clusters [36–38].
Lyman-α forest: As the light from distant quasars travels towards us, it is incrementally
affected by the absorption of intergalactic hydrogen, a tracer of the underlying density. This
phenomenon, known as the Lyman-α forest, is a unique probe of the growth of structure
on small scales, covering a redshift range (2 < z < 5) that is inaccessible by current galaxy
surveys. The combination of this measurement with the amplitude of CMB fluctuations
provides one of the tightest constraints on
∑
mν [39], which is expected to further improve
with future surveys such as DESI [17].
Cosmic Voids: The large free-streaming length of neutrinos prevents their clustering within
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dark matter halos and galaxies [40–43], and it also inhibits the evacuation of neutrinos from
cosmic voids. Thus, while non-linear evolution will empty voids of CDM and baryons,
neutrinos will barely feel the voids dynamic. For this reason, voids are probably the only
environment where the fraction of neutrinos over CDM + baryons can be much larger than
the cosmological fraction, boosting the amplitude of the effect of neutrinos with respect to
other cosmological observables [44]. The statistical properties of voids, as identified in both
the Lyman-α forest [40] or galaxy surveys [28, 45, 46], can be used to break the degeneracy
between
∑
mν and σ8 (the amplitude of matter fluctuations on 8h−1 Mpc scales), which
limits the amount of information that can be extracted from standard probes, such as galaxy
clustering.
3 Sensitivity to Σmν and parameter degeneracy
Many of the observables mentioned in the previous section depend on a measurement of the
amplitude of primordial fluctuations from the CMB, which is limited by our knowledge of
the reionization optical depth τ . When the first galaxies reionize the intergalactic medium,
a new source of polarization pattern in the CMB arises due to scattering of CMB photons
off free electrons. The new scattering induces an overall power suppression proportional to
e−2τ in CMB spectra at intermediate and small scales. This suppression affects cosmological
constraints on Σmν , as it limits our ability to compare the amplitude of primordial fluctu-
ations from the CMB to the amplitude of matter perturbations from late-universe probes.
Therefore, in the absence of probes that break the degeneracy between the amplitude of
matter perturbations and the neutrino mass, a better determination of τ is a key target for
the next decade.
CMB constraints of τ can be obtained from improved measurements of large-angular-
scale (` < 30) CMB E-modes. Several experimental efforts are devoted to this goal (CLASS
[47], BFORE [48, 49], LiteBIRD [50] and PICO [51]). Measurements of the 21-cm signal,
such as those from HERA [52], can also provide a better determination of τ . This type
of measurements are technologically challenging and come with the difficulties of having to
separate the faint 21-cm signal from the much brighter foreground contamination from our
galaxy. Another avenue to improve constraints on τ is to use the small-scale kSZ effect
from reionization. By optimally combining the information in the kSZ 4-point function, the
reionization and late-time parts of the signal could be isolated [53].
With the current sensitivity of σ(τ) = 0.007 [9], next-generation surveys will result in an
almost 3σ detection of the minimal mass scenario allowed by oscillation experiments. An
optimal combination of next-generation CMB and LSS surveys has the potential to reach
a sensitivity of σ(Σmν) ∼ 14 meV, corresponding to a nearly-4σ detection of the minimal
mass scenario.
Another source of theoretical uncertainty in the detection of neutrino masses from cos-
mology is the degeneracy between Σmν and other cosmological parameters that control the
evolution of the universe at late times, such as the dark energy equation-of-state parameter
w. Geometrical measurements (such as Baryon Acoustic Oscillations, BAO) or tomographic
measurements of the late-time universe will be sensitive to the different redshift dependence
of the signatures that massive neutrinos and a non-standard dark energy component have
4
on cosmological probes. This will partially break the degeneracy between Σmν and w, and
will increase the robustness of neutrino mass estimates from cosmology.
4 Synergy with laboratory searches
Cosmology and laboratory avenues are sensitive to different combinations of the individual
neutrino masses and mixing parameters. Therefore, they can provide complementary infor-
mation, as shown in Figure 1. In fact, 0ν2β events could only happen if neutrinos were
Majorana particles [55]. In the context of a three-active-neutrino scenario, future 0ν2β ex-
periments could reach a 3σ discovery sensitivity of 0.020 eV [56] and could be competitive
with cosmological surveys. On the other hand, ongoing β-decay searches, such as KA-
TRIN [54] and Project8 [57], are expected to reach a model-independent sub-eV sensitivity,
with the possibility for Project8 of fully covering the parameter space allowed for inverted
ordering. Finally, ongoing and future neutrino oscillation facilities are expected to reach a
high statistical sensitivity to the neutrino mass ordering and CP violation phase.
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Figure 1: Forecasted sensitivities from future cosmological
surveys and a cosmic-variance limited measurement of the op-
tical depth to reionization are shown in horizontal bands for
two cases: Σmν = 0.06 eV and normal hierarchy (blue band),
Σmν = 0.10 eV and inverted hierarchy (red band). Current con-
straints from CMB + BAO exclude the pink horizontal region
at 95% C.L. [9]. The expected 90% C.L. limit from the β-decay
experiment KATRIN [54] is shown as the vertical purple band.
Note that here a normal hierarchy is assumed to translate the
KATRIN limit on the neutrino effective mass mβ to a limit on
the lightest neutrino state mlightest. However, the difference with
the inverted hierarchy is negligible on the scale of the plot.
In such a context, several sce-
narios are possible. If all the above
probes agree in their findings, a
statistically strong and consistent
detection of massive neutrino prop-
erties can be reached. On the
other hand, perhaps more inter-
estingly, significant tensions among
the above probes could arise, which
could possibly point to evidence of
BSM physics.
5 Conclusion
This white paper briefly discusses
the effect of neutrino mass on dif-
ferent cosmological observables, fo-
cusing on synergies between CMB
and LSS. Significant progress has
been made on these fronts, both in
our theoretical understanding and
in observations. Neither CMB nor
LSS observables alone can now pro-
vide a significant detection of neu-
trino masses, albeit together they
are guaranteed a detection of the
sum of neutrino masses in the next generation of experiments. Neutrino masses are a sure-
fire goal of upcoming cosmological surveys, which will help unveil the properties of the elusive
neutrino particles in the next decade.
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